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Abstract 
This research attempts to solve the BBLAWN challenge. The examined town consists of several pressure zones with significant 
elevation differences, causing accesses water pressure and pipe leakage. The challenge of optimally resizing the water system, to 
meet future water demands and minimize leakage, was solved using a successive linear programming, minimum cost, optimal 
operation model that includes head loss constraints, leakage control, pipe diameter selection and pressure reducing valves. A 
combination of an optimization model and practical engineering experience was used in the positioning of the pressure reducing 
valves and sizing of pump stations and water tanks. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The BBLAWN challenge is held as a part of the WDSA2014 conference. The C-Town consists of five pressure 
zones, each controlled by one or two water tanks. Water is supplied from a single source by a pumping station to a 
low pressure zone, controlled by two water tanks. From the low pressure zone, four pumping stations pump the water 
to four higher pressure zones, each controlled by water tanks. The water network is mountainous with substantial 
elevation differences within each of the pressure zones between the water tanks and the consumer nodes. The elevation 
difference causes access pressures and substantial leakage. The goal of the challenge is to design the system as to meet 
future water demands and minimize water leakage while maintaining minimum service pressure to the consumer 
nodes. Parallel water pipes may be added to existing pipes, water tanks and pumping stations may be enlarged at their 
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current location, and pressure-reducing valves may be positioned. No new pipe connections may be made and no new 
water tanks and pumping station may be located at new locations. 
The constraints governing the problem are nonlinear and mainly include: water headloss constraints, leakage 
governed by pressure constraints, discrete pipe selection and pump energy consumption. The non-linear optimization 
problem is solved using iteration linear programing as presented by [1]. 
Pressure reducing valve locations, new water tank volumes and new pumping station capacities are manually 
entered into the model. The optimization model optimally selects pump scheduling and selects new equivalent pipe 
diameters throughout the network, while minimizing leakage, maintaining minimum service pressure to the consumer 
nodes and weekly water balance in the water tanks. 
 
Nomenclature 
Adi,j Linear pipe diameter coefficients, constant (-) 
Ahti,j Linear headloss coefficients, constant (-) 
Bdi,j Linear pipe diameter coefficients, constant (-) 
Bhti,j Linear headloss coefficients, constant (-) 
Dexisting,i,j Existing pipe diameter, between nodes i,j, constant (m) 
Dfixedi,j Pipe diameter, solution of previous iteration, constant (m) 
dHti,j Head loss along pipe i,j, variable (m) 
Di,j Pipe diameter, variable (m) 
Di,j Pipe diameter, variable (m) 
Dmax,i,j Maximum available equivalent pipe diameter, constant (m) 
E set of all arc (edge) indexes in examined water system 
HWCi,j Hazens Williams coefficient, variable (-) 
i,j,k index of origin and destination nodes 
Li,j Pipe length, constant (m) 
Qfixedi,j Flow along pipe, solution of previous iteration, constant (m3/hr) 
Qti,j Flow along pipe i,j, variable (m3/hr) 
ri,j Pipe resistance, constant (-) 
T set of all time indexes (0…167) 
t time index (hr) 
2. Methodology 
The problem is divided into four main parts: PRV positioning, pumping station and water tank sizing, pipe sizing 
and pump scheduling for minimum leakage and operational cost. 
The system was initially solved with no PRV installed, and with the original sized pumping stations and water 
tanks, returning a base solution. Generally, the optimal solution included placing parallel pipes along the main routes, 
being the shortest routes connecting the pumping stations and the water tanks. PRVs were positioned on the pipes 
branching out from the main routes, reducing pressures in the main pipes down the consumer-required pressures. 
The initial base solution was solved requiring no change in the size of the pumping stations or water tanks. The 
model was solved several times with different sizes of stations and tanks, with no significant reduction in operating 
cost, to justify the costs for the new equipment. 
Pipe sizing was achieved by iterative linearization. The nonlinear head loss equation (see Eq. 1) was split into two 
parts (see Eq. 2), the first holding the flow rate (Q) as a dissection variable, and the second part holding diameter (D) 
as the decision variable. The non-linear constraint was replaced with a linear form (see Eq. 3). The Ad, Bd coefficients 
were iteratively changes using Eq. 4 (initialization) and Eq. 5 (following iterations). The new parallel pipe diameter 
for each of the pipes in the system was calculated from the resulting equivalent diameter (Di,j) using Eq. 6. If the 
resulting equivalent diameter (Di,j) equaled the existing pipe diameter meant that no new changes are required to pipe 
i,j. For relevant equations regarding Ah, Bh, refer to Price and Ostfeld (2014). 
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In the optimization model, the cost of the parallel pipe, was assumed liner, see Eq. (7). The Annual pipe cost was 
entered in to the objective function for minimization, along with pumping station energy costs. 
 
Head loss constraint, non-linear and linear 
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Calculation of linear coefficients (initialization) 
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Calculation of linear coefficients (after first initialization) 
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Calculating parallel pipe diameter from resulting equivalent diameter 
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Linear pipe cost 
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3. Results 
The optimal water system design solution is presented in Fig 1 and tables 1, 2, 3.  
 
 
Fig 1: Water system optimal solution 
Table 1. List of designed parallel pipes 
Pipe #ID From node To node 
Existing pipe 
diameter [mm] 
Parallel pipe 
diameter [mm 
(inch)] 
Parallel Pipe 
Cost [€/yr] 
P18 J1025 J411 508 711 (28”) 48.12 
P20 J1056 J214 508 711 (28”) 48.12 
P102 J109 J408 508 711 (28”) 48.12 
P99 J110 J109 508 711 (28”) 48.12 
P184 J1208 J352 101.6 762 (30”) 51.11 
P16 J1208 J353 102 762 (30”) 51.11 
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P915 J1208 J362 152 762 (30”) 51.11 
P24 J177 J194 508 711 (28”) 48.12 
P34 J179 J110 508 711 (28”) 48.12 
P110 J179 J177 508 711 (28”) 48.12 
P23 J192 J196 508 711 (28”) 48.12 
P25 J196 J194 508 711 (28”) 48.12 
P138 J203 J217 254 762 (30”) 51.11 
P999 J203 J341 254 762 (30”) 51.11 
P159 J204 J336 203 762 (30”) 51.11 
P139 J208 J211 406 762 (30”) 51.11 
P12 J208 J337 406 762 (30”) 51.11 
P9 J212 J217 254 762 (30”) 51.11 
P21 J214 J212 406 762 (30”) 51.11 
P7 J218 J211 508 711 (28”) 48.12 
P1016 J22 J233 305 762 (30”) 51.11 
P148 J233 J234 305 762 (30”) 51.11 
P309 J235 J230 101.6 762 (30”) 51.11 
P14 J24 J39 406 762 (30”) 51.11 
P211 J295 J296 076 762 (30”) 51.11 
P753 J297 J221 152 762 (30”) 51.11 
P841 J297 J331 76 762 (30”) 51.11 
P752 J297 T7 152 762 (30”) 51.11 
P760 J298 J312 152 762 (30”) 51.11 
P177 J305 J303 102 762 (30”) 51.11 
P218 J310 J311 102 762 (30”) 51.11 
P840 J311 J320 203 762 (30”) 51.11 
P219 J312 J313 102 762 (30”) 51.11 
P761 J312 J83 152 762 (30”) 51.11 
P11 J318 J235 101.6 762 (30”) 51.11 
P766 J318 J303 152 762 (30”) 51.11 
P223 J318 J319 203 762 (30”) 51.11 
P811 J320 J321 102 762 (30”) 51.11 
P225 J321 J322 102 762 (30”) 51.11 
P809 J321 J324 102 762 (30”) 51.11 
P228 J327 J328 076 762 (30”) 51.11 
P813 J328 J320 152 762 (30”) 51.11 
P815 J329 J328 102 762 (30”) 51.11 
P251 J329 J362 152 762 (30”) 51.11 
P230 J330 J327 076 762 (30”) 51.11 
P231 J331 J330 076 762 (30”) 51.11 
P235 J336 J337 076 356 (14”) 19.94 
P13 J337 J24 406 762 (30”) 51.11 
P1000 J341 J204 203 762 (30”) 51.11 
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P166 J352 J382 101.6 762 (30”) 51.11 
P65 J353 J351 102 762 (30”) 51.11 
P981 J361 J351 76 762 (30”) 51.11 
P161 J361 J355 76 762 (30”) 51.11 
P252 J363 J364 305 762 (30”) 51.11 
P933 J371 J23 305 762 (30”) 51.11 
P144 J382 T6 76 762 (30”) 51.11 
P935 J385 J22 305 762 (30”) 51.11 
P15 J39 T1 406 762 (30”) 51.11 
P17 J408 J1025 508 711 (28”) 48.12 
P19 J411 J1056 508 711 (28”) 48.12 
P291 J425 J426 305 762 (30”) 51.11 
P308 J426 J363 305 762 (30”) 51.11 
P293 J427 J425 305 762 (30”) 51.11 
P484 J438 J13 203 152 (6”) 12.10 
P337 J497 J494 305 762 (30”) 51.11 
P44 J66 J67 152 762 (30”) 51.11 
P724 J78 J268 152 762 (30”) 51.11 
P725 J78 J295 152 762 (30”) 51.11 
P52 J78 J51 102 762 (30”) 51.11 
P55 J82 J83 76 762 (30”) 51.11 
P808 J83 J311 203 762 (30”) 51.11 
P781 J83 J318 152 762 (30”) 51.11 
Total     3,573.86 
Table 2. List of designed PRVs 
PRV #ID From nodes To node 
PRV diameter 
[mm] 
PRV cost 
[€/yr] 
101 218 1223 406 4,063 
102 1025 1024 305 1,892 
103 408 435 102 323 
104 438 434 305 1,892 
105 13 12 305 1,892 
106 109 101 203 779 
107 110 95 305 1,892 
108 179 1219 254 1,113 
109 194 173 305 1,892 
110 196 163 508 4,564 
111 212 217 254 1,113 
112 214 202 203 779 
114 336 335 76 323 
115 212 217 254 1,113 
116 336 337 76 323 
301 239 255 203 779 
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302 216 197 203 779 
303 168 176 305 1,892 
501 54 67 152 529 
502 68 77 102 323 
503 58 67 203 779 
504 219 86 101.6 323 
401 278 281 102 323 
402 278 283 102 323 
403 503 501 152 529 
404 490 492 152 529 
405 490 488 102 323 
406 576 571 152 529 
407 129 169 102 323 
408 89 573 152 529 
409 253 130 102 323 
410 385 251 254 1,113 
411 257 37 254 1,113 
412 35 88 102 323 
413 407 411 203 779 
701 297 221 152 529 
702 78 51 102 323 
703 83 318 152 529 
704 328 320 152 529 
705 320 321 102 323 
706 361 351 76 323 
707 349 352 101.6 323 
708 1208 353 102 323 
Total    39,618 
Table 3. Solution summary [€/yr] 
Pump 
Power 
[kW/yr] 
Energy 
Cost 
Water 
loss Cost 
Operational 
Cost 
Pipes 
Cost 
Tanks 
Cost 
Pump 
Cost 
Capital 
Cost 
PCV 
Cost 
Number of 
participants 
Average Age 
of 
participants 
1,083,620 117,740 2,847,336 2,965,076 3,574 0 0 3,574 39,618 2 45 
4. Discussion of results 
Parallel pipes were optimally positioned alongside the main supply lines connecting the pumping stations and the 
water tanks, to lower headloss from the water tanks to the consumers allowing minimum service pressures. As the 
PRVs are cheap, relative to the leakage fine, they were used wildly throughout the system. The PRV’s were positioned 
on pipes branching from the main supply lines reducing water pressures and thus, leakage. Several pipes were closed 
to open supply rings and allow better pressure reduction using a PRV on a single supply line. Several water tank 
volumes and pumping station sizes were examined with no substantial savings in operational cost or leakage, relative 
to the existing elements. The extra water tank volume and pump station flow rates, reduced the pumping station 
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operational cost, but raised the pipe sizing and leakage due to higher pressures in the system. The existing pumping 
stations and water tanks were left unchanged. 
5. Conclusions 
The optimal sizing for the water system was solved using an iterative linearization, minimal cost, optimization 
model. It seems that the existing pumping stations and water tank size is sufficient for supplying future water demands. 
It is recommended to position parallel pipes along main supply routes to allow service pressures to the consumers. To 
minimize leakage it is recommended to position PRVs on pipes branching from the main supply routes, as presented 
in Fig 1. 
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